In this paper, a novel packed-bed electrocatalysis reactor (PBECR) composed of titanium dioxide coated activated carbon (TiO 2 /AC) was presented for efficient wastewater treatment. The TiO 2 /AC in the PBECR could provide numerous convergent-divergent access tubes for organic compounds (OC) that can eliminate AC plugging to ensure operation permanence in electrochemical oxidation. Further, the employment of TiO 2 /AC is beneficial to shorten phenol degradation pathway and decrease poisonous intermediate accumulation. In addition, the PBECR show perfect electrode performance in treating landfill leachate, validating the broad applicability of the proposed process. It was found that the electrode area expansion and short-circuit avoidance by TiO 2 are the main factors in enhancement of OC oxidation kinetics, which are different from mechanisms of those photoprocesses. These observations can be of considerable technological and theoretical values and facilitate to be extended to wide applicable ranges of TiO 2 .
Introduction
The packed-bed electrode reactor (PBER) filled with porous materials (usually activated carbon, AC) is a most common type and exhibits excellent performances in wastewater treatment. It allows anodic oxidation and cathodic reduction to occur at surfaces of electrode and bipolar AC particles, and due to its general feasibility of high space-time yields and operation convenience, it becomes a central topic of water purification. [1] [2] [3] [4] However, this process suffers from many obvious drawbacks, e.g., excessive energy consumption and short-period operation permanence because of short-circuit (caused by the connection of adjacent anode and cathode via immersed AC) and AC plugging, which limit its wide application by several decades.
In the past, there have been several attempts to avoid short-circuit of AC based PBER. The presented measures merely isolated anode and cathode through diaphragm, [5] [6] [7] but resulted in the increase of applied voltage. Recently, we observed that employment of cellulose acetate coated AC as packed bed was superior to the reported means in short-circuit avoidance by increasing the interfacial contact resistance of each AC particle. 8 In addition, it can effcetively enhance the bipolarity degree of AC to increase electrode area, and obviously prevent AC plugging. While, its chief defect was the decrease of surface area caused by infiltration of insulating chemicals into AC pores. Titanium dioxide (TiO 2 ), a semiconducting material successfully used in photoelectrolysis and energy storage fields, [9] [10] [11] [12] exhibits attractive electrocatalytic performances for efficient degradation of organic comopounds (OC) especially when anatase TiO 2 exists. [13] [14] [15] Meanwhile, nanostructuring is very helpful in intercalating nano-TiO 2 into AC pores, which may be provide the most probability in improving interfacial contact resistance and reaction area, as well as prohibiting AC plugging.
In this study, a novel packed-bed electrocatalysis reactor (PBECR) composed of TiO 2 coated AC (TiO 2 /AC) was proposed for efficient treatment of organic wastewater. The physicochemical characterization of the prepared TiO 2 /AC were conducted in detail. By inspecting the role TiO 2 played in the bipolar systems, a kinetic model associated with the oxidation rate of OC, electrode area as well as interfacial contact resistance was used to describe the excellent performances of the PBECR. Moreover, the superiority of PBECR to the PBER system was experimentlly verfied by synthetic phenolic wastewater and landfill leachate treatment.
Experimental

Material preparation
Phenol was obtained in 99.5% pure and distilled water was used for preparation of the synthetic wastewater. All reagents used for the preparation and analysis were also obtained in extra pure condition. Bamboo AC with a specific surface area of 680 m 2 g
¹1
, pore diameters 20 nm to 500 nm and an average particle size of 5.0 mm was washed several times with distilled water to remove the fines, oven-dried at 105°C for 2 days to a constant weight prior to each experiment. The TiO 2 /AC was prepared by the sol-gel method from anhydrous ethanol (C 2 H 6 O) solution (the volume ratio of C 2 H 6 O and distilled water was 1:1) dissolved in hybrid composed of C 2 H 6 O, glacial acetic acid (C 2 H 4 O 2 ) and tetrabutyl titanate (C 16 H 36 O 4 Ti) with volume ratio of 2.8:1:1. Then, the AC was introduced into the synthesized sol to form a raw coated layer. After aging for 2 to 3 days, the sample was dried in air at 105°C for 7 h and then baked at 550°C under nitrogen protection for 2.5 h.
Experimental set-up
Eight quadrangular cells with dimension 100 © 50 © 150 mm constructed from polymethyl methacrylate plastics depicted in our 16 were used. In each reactor (Fig. 1) , a pair of IrO 2 -Ta 2 O 5 /Ti and Ti plates with geometric area of 0.01 m 2 (100 © 100 mm) was used as anode and cathode, respectively. The AC or prepared TiO 2 /AC was packed between anode and cathode up to a height of about 100 mm as PBER or PBECR, respectively. A micropore plate was installed in the bottom of the cell to support the weight of carbons and electrodes, and employed as solution distributor. Peristaltic pumps were used to pump the raw water into the reactor under a continuous flow mode. The direction of solution flow was perpendicular to that of the current and the raw water was treated by a single pass. The power was drawn from an electric motor (model: KZD300/12) having capacity of 0-300 A/0-12 V. 
Structural and electrochemical characterization
X-ray diffraction (XRD) patterns were performed at 0.01945 intervals of 2ª over the range 20-100°with a count-time of 0.1 sec step ¹1 at a Bruker instrument with CuKA radiation. A Quanta 250 scanning electron microscopy was used to obtain the morphology of the AC and TiO 2 /AC. Cyclic voltammetry measurement was conducted in phenolic solution (phenol 600 mg/L and Na 2 SO 4 3% w/w) using a three electrode cell coupled to a IM6 electrochemical workstation (Zahner) at a sweeping rate of 1 mV s ¹1 between potentials of 0 and 2.5 V, RHE and temperature of 30°C. The IrO 2 -Ta 2 O 5 /Ti (4 cm © 4 cm) and platinum foil were employed as working electrode and counter electrode, respectively.
Analytical methods
The COD content of all samples were determined according to standard methods for the examination of water and wastewater. 17 A spectrophotometer UV-visible (Shimadu UV 1800) was used to analyse the absorbance of phenolic wastewater and others samples. The energy consumption and current yield were calculated by using the following equations:
where U is the applied voltage, A is the geometric area of anode and Q is the flow rate. The fractional current (¢) values were calculated by measuring the resistances during the electrochemical oxidation using a Kelvin bridge ohmmeter with type of 2769 by using the method which was provided elsewhere. 8, 19 ¢
where R C is the contacting resistance of the particles and R O is the oxidative resistance of OC. F-test between experimental results and simulated data was conducted by using the equations as following:
where f 1 is the number dependent variable, f 2 is the degrees of freedom of parameter s, p and s are the regression sum of squares and residual sum of squares, respectively. If F value is larger than that of 10F ¡ ( f 1 , f 2 ), the data should be significant at the ¡ significance level. 20 
Results and Discussion
Physi-chemical characterization of the TiO 2 /AC
The XRD pattern of the synthesized TiO 2 /AC particle are presented in Fig. 2 . The detected diffraction peaks at 2ª = 25.62°, 38.09°, 54.19°are indexed to an anatase lattice structure TiO 2 based on PDF card (No: 65-5714). The average crystallite size of TiO 2 according to the (101) peak calculated by Scherrer's formula is 12.6 nm, which indicates these nano particles are very easily embedded into AC pores. Hence, the preoccupation of AC pores by nano-TiO 2 can prevent the diffusion of flocs into them so as to allow channel fluency during oxidation. The morphology of fresh AC and prepared TiO 2 /AC are shown in Fig. 3 . It can be seen that the fresh AC displays irregularly mesoporous and macroporous structure, but after reintegration treatment, TiO 2 and AC are well organized and the micropores increases which permits to form the convergent-divergent tubes shown in Fig. 1b for separate accesses of impurities and clean water. Figure 4 shows the CV curves of the PBER and PBECR. As shown in this figure, a decreased feedback current and an increased voltammetric charge (area under the cyclic voltammetry curves) were observed in PBECR system. By integration of these curves, we can obtain the expansion factor ( ¼ q In addition, during phenol oxidation, R C values measured by a Kelvin bridge ohmmeter are 0.27 ³ and 1.23 ³ that lead to the ¢ values of 0.22 and 0.57 for PBER and PBECR, respectively, through R O value of 0.94 ³, which validates TiO 2 is a preferred candidate that worth to be used as electrochemical catalyst coupled with AC although it considered as an unserviceable metal anode material in electrochemical oxidation due to its anodic passivation.
Stability experiment
A long-term operation experiment was carried out with phenolic wastewater purification to validate self-cleaning and space-time yield enhancement of the proposed PBECR. The results described by COD removal efficiency (X) by the compariation of PBER and PBECR at the same electrochemical and hydraulic conditions were presented in Fig. 5 . When phenol oxidation was performed in PBER, X kept almost constant initially (stage I, about 11 days) but slowly lowered to a minimum one after another 4 days operation (stage II) and the same phenomenon shown by stage II has been reported elsewhere, 21, 22 while the corresponding oxidation ability of the system was recovered and the next cycle proceeded after a mere backwash by using clean water. Furthermore, the accordance between reduction trends of COD removal and reaction current (Fig. 6 ) could provide a direct evidence of AC plugging by nonconducting solid particles generated within the PBER reactions. However, the novel PBECR displays a much higher and nearly constant X value, and the reaction current of the system almost keeps constant, which indicates the system permanence could be ensured by the TiO 2 /AC employed as convergent-divergent tube that effectively prevents the diffusion of solids into AC micropores and a long service life of the synthesized TiO 2 /AC.
Mechanisms for phenol degradation in PBECR
Many researchers have declared that the electrical excitation of TiO 2 to generate the electron-hole pairs in their respective bands (conduction and valence), similar to photoexcitation, furthers the production of highly reactive oxidants (such as hydroxyl radical, hydrogen peroxide, hydrogen dioxide, etc.) is the principal factor to obtain efficiently electrochemical degradation of OC. [23] [24] [25] However, we observe the mechanism of TiO 2 in the PBECR differs from that of photocatalysis. According to previous publications, the relationship between the applied current density (i, the feedback current to the geometric area of anode) and limiting current density (i lim , i lim = nFk m c, here n, k m and c refer the number of transferred electrons, mass-transfer coefficient and OC concentration, respectively) leads to the reaction controlled (i < i lim ) and mass-transfer controlled regimes (i > i lim ). [26] [27] [28] [29] With regard to the PBER and PBECR, the overall oxidation rate (r) is expressed as:
The electrode performance of the two systems, which corresponds to the oxidation, is highly dependent on the oxidation rate and electrode area. Hence, we can obtain the differential change of OC concentration under a continuous flow mode as following:
where ¾ is the bed porosity and x 0 is the inter-electrode distance. The integration of Eq. (6) by using the boundary condition of c = (1 + ¢)¡c 0 / (here c 0 is the initial OC concentration) hereafter the obtainment of the oxidation rate of the two regimes, arrives at:
where c(t) is the OC concentration at time t and ¡ = i/(nFk m c 0 ). The critical time of the two regimes could be described by: 
The model simulation of the experimental data in Fig. 7 depicts the variations of normalized COD are initially in linear decreace and then switch to exponential reduction with the critical time of 0.26 h and 0.002 h calculated by Eq. (9) during phenol oxidation using PBER and PBECR, respectively. These experiments illustrate a fast phenol degradation by TiO 2 /AC would bring about earlier appearance of the mass-transfer controlled regime. The proposed kinetics and experimental results show high agreement with regression coefficients R 2 of 0.9731 and 0.9790 for the PBER and PBECR, respectively; furthermore, the results of F-test under the two conditions are 98.24 and 113.89, which are larger than those of 10F 0.05(1,5) = 66.1 and 10F 0.05(1,6) = 59.9, indicating the experimental data are significant at the 95% significance level. These experiments evidently confirms the considerable enhancement of phenol oxidation by TiO 2 /AC is due to the increase of the ¢ and values. The comparisons of energy consumption (E sp ) and current yield (©) calculated by Eqs. (1) and (2), as well as COD removal efficiency (X) and the increase ratios of the three parameters by the PBECR to PBER were listed in Table 1 . From this table, we can observe the values of current efficiency far exceed the theoretical value of 100%, the same phenomenon was also described by others researches; 30, 31 this is because Eq. (2) only involves the anodic oxidation, the oxidation on the expansion electrode of fillings is not considered at all. 19 The results ascertained the potentially technological values of TiO 2 insertion in AC in reducing running cost of wastewater purification by increasing COD removal and current yield.
Additionally, we found the TiO 2 /AC possesses the ability in shortening phenol degradation pathway by UV spectrophotometry (Fig. 8) . The figure depicts generation of the hydroxyphenol molecules and carboxide or conjugated double bond groups (e.g., hydroquinone, benzoquinone and maleic anhydride), which locates in 200 nm to 220 nm and 230 nm to 270 nm wavelength, [32] [33] [34] respectively, during the whole process of the PBER (³2.77 h) and the initial stage of the PBECR (³2.08 h). While the accumulation of benzoquinone which is more poisonous than phenol was not found in the PBECR process after reaction time of 2.08 h, indicating the TiO 2 is favorable to accelerate phenol decomposition that lowers power consumption and should naturally be considered as a "green" technology.
Electrooxidation of landfill leachate
To validate the broad applicability of the proposed process in avoiding AC plugging and enhancing electrode performances, the treatment of landfill leachate that contains low molecular weight fatty acids, griseolic acid with moderate molecular weight and high molecular humic substance was carried out. Seen from Fig. 9 , we observe the COD removal efficiency is effectively enhanced at the corresponding reaction time compared with PBER. The increase of the ¢ and values for complex organics oxidation also achieves the same to that of phenol degradation, which demonstrates the structure stabilization of the TiO 2 /AC. Moreover, the theoretical data also highly match the experimental results, showing the rationality of the proposed kinetics that could be employed as a designation tool for electrochemical reactions.
Conclusions
In this work, we proposed a novel packed-bed electrocatalysis reactor (PBECR) composed of TiO 2 /AC, which serves as a convergent-divergent access tube for organics and their intermediates, and a bipolar electrode. The presented system can avoid AC plugging and enhance electrode performances, which stabilizes and accelerates the electrocatalytic reactions in COD removal. Through theoretical analysis, we obtain the high performances of the PBECR are due to the increase of the interfacial contact resistance and reaction area. The employment of the TiO 2 /AC can shorten degradation pathway and enhance COD removal efficiency during phenolic and others wastewater treatment, which indicates the PBECR is a green and broad applicable technology with low power consumption. Our observations can be of considerable technological value and facilitate to be extended to reaction designation for electrochemical and electrocatalytic processes, such as higheffective wastewater purification and chemical production, as well as efficient energy storage. (7) and (8) 
